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Peter A. Thompson, Todd #ȭɯ.ɀ!ÙÐÌÕȮɯ+ȭɯ+ÖÙÌÕáÖÕÐȮ and Anthony J. Richardson 

Figure 8.1. Map of IGMETS-participating South Pacific time series on a background of a 10-year time-window (2003ɬ2012) sea surface 

temperature trends (see also Figure 8.3). At the time of this report, the South Pacific collection consisted of 13 time series (coloured 

symbols of any type), of which three were from Continuous Plankto n Recorder surveys (blue boxes) and none were from estuarine 

areas (yellow stars). Dashed lines indicate boundaries between IGMETS regions. Uncoloured (gray) symbols indicate time series being 

addressed in a different regional chapter (e.g. Southern Ocean, North Pacific, Indian Ocean). See Table 8.4 ÍÖÙɯÈɯÓÐÚÛÐÕÎɯÖÍɯÛÏÐÚɯÙÌÎÐÖÕɀÚɯ

participating sites. Additional information on the sites in this study is presented in Annex A.6. 
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8.1 Introduction  

After the North Pacific, the South Pacific Ocean (Figure 

8.1) is the second largest body of water considered in 

this report. The surface currents of the South Pacific are 

strongly influenced by the predominantly westerly wind 

near the southern boundary (45°S) and easterly winds 

near the equator (Figure 8.2). Along the southern 

boundary of the South Pacific, strong easterly flow is 

found at the subtropical front (STF) and in the Antarctic 

Circumpolar Current (ACC). The westward return flow 

is primarily by the South Equatorial Current (SEC) (Fig-

ure 8.2; Roemmich and Cornuelle, 1990). A portion of 

the easterly flow passes between South America and 

Antarctica, but part of it curves northward and flows 

along the west coast of South America as the Humboldt 

(or ChileɬPeru) Current. The quasi stationary South Pa-

cific high atmospheric pressure zone near 100°W, be-

tween 20 and 35°S, deflects winds toward the equator 

and contributes to the ~15 Sv (Sv = sverdrup = 106 m3 sɬ1; 

Wijffels et al., 2001) strength of the Humboldt Current 

(Wyrtki, 1963), one of the most productive eastern 

boundary curren ts (EBCs) in the global oceans. Strong 

wind -induced upwelling along the Peru and Chile coast-

lines results in large phytoplankton blooms, a substan-

tial biomass of zooplankton , ÈÕËɯÚÖÔÌɯÖÍɯÛÏÌɯÞÖÙÓËɀÚɯ

largest annual fish catches (Fiedler et al., 1991; Daneri et 

al., 2000; Pennington et al., 2006; Chavez and Messié, 

2009; Correa-Ramirez et al., 2012).  

The Humboldt Current bifurcates around 25°S (Fuen-

zalida et al., 2008); the offshore branch heads northwest  

and the more coastal branch continues along the coast of 

Peru. Both branches eventually turn mainly westward as 

part of the SEC that flows from South America to the 

western Pacific. The SEC divides as it approaches Aus-

tralia producing at least three major branches, one of the 

most important being the East Au stralian Current 

(EAC). The EAC is the Western Boundary Current 

(WBC) of the southwestern Pacific and is associated with 

the South Pacific subtropical gyre (Mata et al., 2000). The 

EAC is significantly weaker than other WBCs in terms of 

volume transport, with ca. 15 Sv mean annual flow (Ma-

ta et al., 2000). It flows poleward along the eastern Aus-

tralian coast carrying warm water from tropical to mid 

latitudes. It separates from the continent at 30ɬ34°S, 

where about two -thirds  of the flow moves eastward and 

then continues down the east coast of New Zealand be-

fore going farther eastward (Godfrey et al., 1980; Ridg-

way and Godfrey, 1997). In the region where the EAC  

 

 

 Figure 8.2. Schematic major current systems in the IGMETS-defined South Atlantic region. Red arrows indicate general-

ly warmer water currents ; blue arrows indicate generally cooler water currents . 
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veers eastward, the remaining ca. one-third  of the EAC 

continues south past Tasmania as an eddy field (Mata et 

alȭȮɯƖƔƔƚȰɯ.ɀ*ÈÕÌɯet al., 2011; Macdonald et al., 2013; Ceti-

na-Heredia et al., 2014). The seasonal, interannual and 

decadal changes of the EAC, together with the high var-

iability induced by the mesoscale eddies, dominate cir-

culation features along the east coast of Australia and 

influence the biogeochemistry and ecology of the region 

(Cetina-Heredia et al., 2014). 

In the western tropical Pacific  between 10°Nand 10°S 

and centred around 170°E, the Pacific Warm Pool (WP) 

is characterized by high sea surface temperatures (SST, 

28ɬ29°C) and low sea surface salinities (SSS, <35), the 

latter induced by heavy rainfall (Wyrtki, 1989). Along 

much of the northern edge of the South Pacific and ex-

tending into the central gyre is a large region of very 

high solar radiation ( ca. 200 W mɬ2), warming the ocean, 

causing considerable evaporation, and producing large 

net precipitation along the intertropical convergence 

zone (ITCZ) near the equator (Meehl et al., 2008). Farther 

south at ca. 15ɬ25°S and centred at ca. 124°W, the warm-

ing produces a region of very high net evaporation and 

high surface salinities (SSS >36; Hasson et al., 2013). This 

pool of high -salinity water seasonally migrates eastward 

during austral summer and westward during austral 

winter, driven by changes in the intensity of the South 

Pacific Convergence Zone and easterly winds. However, 

a net migration westward of the salinity maximum over 

the past 20 years has been noted (Hasson et al., 2013). 

A high pressure zone tends to persist over Australia 

during austral summer (DecemberɬFebruary), directing 

winds that deflect equatorial trade winds poleward  and 

creating the strong South Pacific Convergence Zone 

(SPCZ) (Vincent, 1994; Vincent et al., 2011). While the 

SPCZ is best developed during austral summer, it is 

present year-round, extending from New Guinea (0°  

150°E) eastɬsoutheastward to about 30°S 120°W. In its 

northwestern sector, the SPCZ merges with the Inter-

tropical Convergence Zone (ITCZ). This low -level at-

mospheric convergence and precipitation zone is one of 

the major components of South Pacific climate and is 

responsible for a large fraction of South Pacific precipita-

tion, especially during austral summer (Vincent, 1994; 

Brown et al., 2011; Vincent et al., 2011). 

Important drivers of oceanic ecology such as currents, 

upwelling, tides, irradiance, temperature , and nutrients 

show significant variation across a range of time- and 

space scales producing a complex spatial and temporal 

pattern of trends. This report focuses on time-scales of 5ɬ

30 years and spatial scales from hundreds to millions of 

square kilometers. Most of the multiyear and large spa-

tial -scale variability in the physics, biogeochemistry , and 

ÌÊÖÓÖÎàɯÖÍɯÛÏÌɯ2ÖÜÛÏɯ/ÈÊÐÍÐÊɯÐÚɯÔÖËÜÓÈÛÌËɯÉàɯɁÚÏÖÙÛÌÙɂɯ

natural climatic cycles such as El Niño Southern Oscilla-

tion (ENSO), the Interdecadal Pacific Oscillation (IPO), 

and Southern Annular Mode (SAM). These natural cy-

cles often have a more profound effect on SST differ-

ences between years than the long-term rise of ca. 0.03°C 

decadeɬ1 since 1850 (Rayner et al., 2006).    

El Niño Southern Oscillation (ENSO) is a coupled ocean 

and atmosphere cycle consisting of a weakening and 

strengthening of the easterly trade winds over the tropi-

cal Pacific and with a consequent impact on sea surface 

temperatures (Wang et al., 2012a). It fluctuates between 

warm (El Niño) and cold (La Niña) conditions in the 

tropical Pacific (Rayner et al., 2003; McPhaden et al., 

2006; Annex A6). During El Niño, the easterly trade 

winds weaken , the reduced westward flow at the equa-

tor results in the m igration of warm surface water east-

ward, and the upwelling along the west coast of South 

America substantially decreases. La Niña is character-

ized by stronger trade winds, warmer surface waters in 

the western Pacific, and cold water at the equator in the 

central and eastern Pacific (Rasmusson and Carpenter, 

1982; Philander, 1990; Trenberth, 1997; Pennington et al., 

2006). ENSO affects many other regions through tele-

connections in the atmosphere and ocean and tends to 

cycle between 2ɬ7 years (McPhaden et al., 2006). De-

pending on the temporal window and region selected , 

this cycle can make the surface ocean warmer or colder.  

The Interdecadal Pacific Oscillation (IPO) is a pattern of 

Pacific climate variability similar to ENSO in character, 

but which persists for much longer. It is a robust, recur-

ring pattern centred over the mid -latitude Pacific basin 

with a 20ɬ30-year period (Biondi et al., 2001). During 

negative IPOs, the SPCZ moves southwest, similar to La 

Niña events (Folland et al., 2002). The recent hiatus in 

global warming has been associated with a persistent 

negative IPO that commenced in about 2000 (Dai et al., 

2015; Trenberth, 2015). In late 2014, there were signs that 

the IPO might be shifting to a more positive phase.  

During a positive Southern Annular Mode (SAM) event, 

the southern hemisphere westerly winds tend to move 

farther south and increase in intensity (Thompson and 

Wallace, 2000). This results in stronger cold water 

upwelling at high latitudes, anomalous downwelling  
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Figure 8.3. Annual trends in South Pacific sea surface temperature (SST) (a) and sea surface chlorophyll (CHL) (b), and correlations 

between chlorophyll and sea surface temperature for each of the standard IGMETS time-windows  (c). See ɁMethodsɂ chapter for a 

complete description and methodology used. 
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around 45°S, and a strengthening of the Antarctic Cir-

cumpolar Current (Hall and Visbeck, 2002; Oke and 

England, 2004). Variations in the SAM have been shown 

to be correlated with SST anomalies in the central tropi-

cal Pacific (Ding et al., 2012). There is significant tem-

poral variability in the SAM, but over the last 50+ years , 

the SAM index has been positive and on the rise 

(Thompson and Wallace, 2000; Abram et al., 2014). This 

rise has been linked to anthropogenic factors which in-

clude ozone depletion (Fyfe et al., 1999).  

The following sections describe spatial and temporal 

patterns in temperature and chlorophyll a observed dur-

ing 1983ɬ2012 in the South Pacific as well as patterns in 

the biogeochemistry and ecology of the region as seen 

from satellite and ship -based time-series data compiled 

by IGMETS. How these may relate to ocean circulation 

and climate drivers is also explored. More detailed ta-

bles and maps can be obtained from the IGMETS Ex-

plorer  tool (http://igmets.net/explorer/ ). 

 

8.2 General patterns of temperature and 

phytoplankton biomass  

8.2.1 30-year trends in SST  

Over the past 30 years (1983ɬ2012), 84.4% of the South 

Pacific has warmed (Figure 8.3; Table 8.1), of which 

67.3% was significant (p < 0.05). Although the spatial 

extent of warming was substantial, it was more limited 

than in the Indian, Arctic or Atlantic oceans. Long-term, 

30-year warming was most pronounced in the western 

Pacific, spanning from the equator to 50°S along 150°E. 

This large area of warming extended eastward from 

Australia toward South America , but also contracted 

poleward. There was another smaller region of warming 

at the equator around 95°W. Close to the South Ameri-

can continent, there were two regions of persistent cool-

ing: a larger one off northern Chile and southern Peru 

(ca. 10ɬ30°S) and a smaller one at ca. 40ɬ50°S. Over the 

30-, 25-, and 20-year temporal windows, the larger cool-

ing region extended west and north all the way to the 

equator (Figure 8.2).  

This spatial pattern of warm and cool areas was mostly 

driven by a combination of long -term global warming 

and changes in the phase of the Interdecadal Pacific Os-

cillation (IPO; Dong and Zhou, 2014; Dong and Dai, 

2015). The multidecadal cooling trend was associated 

with a change in phase of IPO from positive to negative 

around 1998/1999 (Dong and Zhou, 2014) as well as 

more frequent occurrences of central Pacific-type El Ni-

ño events (Chavez et al., 2003; Sohn et al., 2013). The 

change in the IPO also enhanced the eastɬwest thermal 

contrast that produced an intensification of global mon-

soon precipitation (Wang et al., 2012b), trade winds 

across the Pacific (England et al., 2014), and a greater 

contrast in sea level pressure (SLP) between the eastern 

and western tropical Pacific (Merrifield, 2011). These 

changes in surface wind, precipitation, and SLP in the 

tropical Pacific over the past 30 years may also have led 

to a general increase in the Walker circulation (Liu and 

Curry , 2006; Sohn and Park, 2010; Sohn et al., 2013; 

Kosaka and Xie, 2013). The fact that over 80% of the 

South Pacific warmed since 1983, however, suggests that 

global warming dominated over the ENSO, IPO, and 

SAM cycles. 

 

8.2.2 15-, 10-, and 5-year trends in SST  

Over the period s 1998ɬ2012 and 2003ɬ2012 (15- and 10-

year windows, respectively), a strong band of warming 

was visible extending roughly a long the trajectory of the 

SPCZ south and east from Papua New Guinea to about 

100°W (Figure 8.3). The area of South Pacific warming 

over the 15-year time-window was 6 5.1% (Table 8.1; 

Figure 8.3). Between 2003 and 2012, the spatial extent of 

warming was reduced to only 3 6.7%, and the majority of 

the South Pacific (63.3%) was cooling at a rate of ɬ0.1°C 

yearɬ1. Over this 10-year period, some of the strongest 

cooling trends were in the region of the western Pacific 

warm pool (Fig ure 8.3; Table 8.1). This decadal cooling 

trend has been largely attributed to La  Niña -like condi-

tions (Kosaka and Xie, 2013), the negative phase of the 

IPO (Dong and Zhou, 2014; Meehl et al., 2014), and a 

strengthening in Pacific trade winds (England et al., 

2014). During the shorter 5-year window (2008ɬ2012), 

the cooling still prevailed , but only over 50.4% of the 

South Pacific (Figure 8.3; Table 8.1).  

  

http://igmets.net/explorer/
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Table 8.1. Relative spatial areas (% of the total region) and rates of change within the South Pacific region that are showing increasing 

or decreasing trends in sea surface temperature (SST) for each of the standard IGMETS time-windows. Numbers in brackets indicate 

the % area with significant (p < 0.05) trends. See ɁMethodsɂ chapter for a complete description and methodology used. 

 

Table 8.2. Relative spatial areas (% of the total region) and rates of change within the South Pacific region that are showing increasing 

or decreasing trends in phytoplankton biomass (CHL ) for each of the standard IGMETS time-windows. Numbers in brackets indicate 

the % area with significant (p < 0.05) trends. See ɁMethodsɂ chapter for a complete description and methodology used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Latitude-adjusted SST data field  

surface area = 68.8 million km 2 

5-year  
(2008ï2012) 

10-year  
(2003ï2012) 

15-year  
(1998ï2012) 

20-year  
(1993ï2012) 

25-year  
(1988ï2012) 

30-year  
(1983ï2012) 

Area (%) w/ increasing SST trends 

(p < 0.05) 
50.4% 
( 5.6% ) 

36.7% 

( 15.5% ) 
65.1% 

( 31.0% ) 
67.4% 

( 52.1% ) 
88.3% 

( 68.1% ) 
84.4% 

( 67.3% ) 

Area (%) w/ decreasing SST trends 

(p < 0.05) 

49.6% 

( 12.2% ) 
63.3% 

( 38.4% ) 

34.9% 

( 14.7% ) 

32.6% 

( 11.8% ) 

11.7% 

( 0.7% ) 

15.6% 

( 5.3% ) 

         

> 1.0°C decadeï1 warming 

(p < 0.05) 

11.2% 

( 4.5% ) 

0.9% 

( 0.9% ) 

0.3% 

( 0.3% ) 

0.0% 

( 0.0% ) 

0.0% 

( 0.0% ) 

0.0% 

( 0.0% ) 

0.5 to 1.0°C decadeï1 warming 

(p < 0.05) 

15.5% 

( 1.1% ) 

8.2% 

( 7.7% ) 

5.6% 

( 5.6% ) 

8.1% 

( 8.1% ) 

1.2% 

( 1.2% ) 

0.9% 

( 0.9% ) 

0.1 to 0.5°C decadeï1 warming 

(p < 0.05) 

18.3% 

( 0.1% ) 

20.9% 

( 6.9% ) 

41.5% 

( 24.6% ) 

45.6% 

( 42.6% ) 
61.9% 

( 60.7% ) 
58.7% 

( 58.2% ) 

0.0 to 0.1°C decadeï1 warming 

(p < 0.05) 

5.4% 

( 0.0% ) 

6.7% 

( 0.1% ) 

17.7% 

( 0.5% ) 

13.6% 

( 1.4% ) 

25.3% 

( 6.1% ) 

24.8% 

( 8.3% ) 

0.0 to ï0.1°C decadeï1 cooling 

(p < 0.05) 

5.3% 

( 0.0% ) 

7.7% 

( 0.2% ) 

13.0% 

( 0.2% ) 

18.9% 

( 1.7% ) 

10.9% 

( 0.2% ) 

14.3% 

( 4.0% ) 

ï0.1 to ï0.5°C decadeï1 cooling 

(p < 0.05) 

16.7% 

( 0.4% ) 

33.6% 

( 17.5% ) 

20.7% 

( 13.3% ) 

13.7% 

( 9.9% ) 

0.7% 

( 0.5% ) 

1.3% 

( 1.3% ) 

ï0.5 to ï1.0°C decadeï1 cooling 

(p < 0.05) 

13.8% 

( 2.8% ) 

18.8% 

( 17.6% ) 

1.2% 

( 1.2% ) 

0.1% 

( 0.1% ) 

0.0% 

( 0.0% ) 

0.0% 

( 0.0% ) 

> ï1.0°C decadeï1 cooling 

(p < 0.05) 

13.8% 

( 9.1% ) 

3.1% 

( 3.1% ) 

0.0% 

( 0.0% ) 

0.0% 

( 0.0% ) 

0.0% 

( 0.0% ) 

0.0% 

( 0.0% ) 

Lat itude-adjusted CHL data field  

surface area = 68.8 mill ion km2 

5-year  

(2008ï2012) 
10-year  

(2003ï2012) 
15-year  

(1998ï2012) 

Area (%) w/ increasing CHL trends  

(p < 0.05) 

27.0% 

( 6.0% ) 

39.4% 

( 22.1% ) 

41.5% 

( 20.0% ) 

Area (%) w/ decreasing CHL trends  

(p < 0.05) 
73.0% 

( 36.3% ) 
60.6% 

( 39.9% ) 
58.5% 

( 40.4% ) 

    

> 0.50 mg mï3 decadeï1 increasing 

(p < 0.05) 

0.2% 

( 0.1% ) 

0.0% 

( 0.0% ) 

0.1% 

( 0.1% ) 

0.10 to 0.50 mg mï3 decadeï1 increasing 

(p < 0.05) 

1.4% 

( 0.5% ) 

0.5% 

( 0.4% ) 

1.0% 

( 0.9% ) 

0.01 to 0.10 mg mï3 decadeï1 increasing 

(p < 0.05) 

15.6% 

( 5.3% ) 

23.4% 

( 18.8% ) 

16.1% 

( 13.0% ) 

0.00 to 0.01 mg mï3 decadeï1 increasing 

(p < 0.05) 

9.8% 

( 0.2% ) 

15.4% 

( 2.9% ) 

24.3% 

( 6.1% ) 

0.00 to ï0.01 mg mï3 decadeï1 decreasing 

(p < 0.05) 

13.7% 

( 1.8% ) 

22.3% 

( 8.7% ) 

33.6% 

( 18.0% ) 

ï0.01 to ï0.10 mg mï3 decadeï1 decreasing 

(p < 0.05) 
52.4% 

( 29.2% ) 

36.8% 

( 30.0% ) 

24.5% 

( 22.0% ) 

ï0.10 to ï0.50 mg mï3 decadeï1 (decreasing) 

(p < 0.05) 

6.5% 

( 5.0% ) 

1.2% 

( 0.9% ) 

0.5% 

( 0.3% ) 

> ï0.50 mg mï3 decadeï1 (decreasing) 

(p < 0.05) 

0.4% 

( 0.3% ) 

0.3% 

( 0.3% ) 

0.0% 

( 0.0% ) 
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8.2.3 15-year trends in chlorophyll a  

The dominant trend for surface chlorophyll a has been to 

decline in the South Pacific (Figure 8.3; Table 8.2). The 

South Pacific, however, had regions of positive and neg-

ative trends in chlorophyll a, depending on the region 

and the temporal window considered. In the tropics, 

there was often a relationship between warming and 

declining chlorophyll a, while across most of the tem-

poral windows and much of the South Pacific , signifi-

cant relationships between SST and chlorophyll a were 

relatively rare (Fig ure 8.3, bottom). Over the 15-year 

time-window, chlorophyll a declined over 58.5% (40.4%, 

p < 0.05) of the South Pacific. Most of this decline oc-

curred in the South Pacific gyre or in the tropical eastern 

Pacific (Figure 8.3). The South Pacific gyre itself has been 

estimated to be growing at 245 766 km 2 yearɬ1 (or 

1.4% yearɬ1) between 1998 and 2006 (Polovina et al., 

2008). The decline in chlorophyll a within the tropical 

eastern Pacific was observed in a similar analysis by 

Gregg and Rousseaux (2014) and suggested to be linked 

to ENSO. Significant increases in chlorophyll a were 

observed at about 10°S and between 20 and 40°S off the 

coast of South America, along the Subtropical Front 

(STF) stretching from Tasmania to South America, and 

along the trajectory of the SPCZ. These observations 

agree with other findings based on satellite observations 

(Vantrepotte and Melin, 2011; Siegel et al., 2013; Gregg 

and Rousseaux, 2014). Greater chlorophyll a concentra-

tions in the Humboldt Current are consistent with sug-

gestions of increasing upwelling intensity as a result of 

climate change (Bakun, 1990; Gutiérrez et al., 2011; 

Sydeman et al., 2014). The eddies along the STF appear 

to support substantial blooms of coccolithophores (Balch 

et al., 2011, 2016) during austral summer (Decemberɬ

January). ENSO may also exert an influence on phyto-

plankton along the STF; for example, when a positive 

SAM aligns with a positive ENSO event, the eddy kinet-

ic energy and number of eddies increases significantly 

(Langlais et al., 2015). Over the 15-year time-window, the 

highest rate of chlorophyll a increase was > 0.01 mg chlo-

rophyll  a mɬ3 yearɬ1 measured in the southern Tasman 

Sea. This appears to be associated with greater EAC ed-

dy pumping and an increase in winter intrusions of the 

STF into the Tasman Sea (Matear et al., 2013; Kelly et al., 

2015).   

 

8.2.3 10-year trends in chlorophyll a  

Between 2003 and 2012, 60.6% (39.9% significant with 

p < 0.05) of the South Pacific showed a decline in chloro-

phyll a (Table 8.2; Figure 8.3). At the same time, a 

marked increase in chlorophyll a was observed in a band 

across the South Pacific from about 0°E and 160°E to 

20°S and 100°W. The chlorophyll a increase overlapped 

part of the SPCZ, running north of, but parallel to, the 

band of strongly warming SST (Figure 8.3). A similar 

spatial pattern of increasing chlorophyll a was also evi-

dent over the 15 years between 1998 and 2012. There 

was a strikingly similar spatial pattern of temporal 

trends in temperature and chlorophyll a in the North 

Pacific (see Chapter 9, Figure 9.4) over this 100-year 

window. The cooler, more productive waters in the cen-

tral South Pacific have been attributed, in part , to a 

strengthening of the Pacific trade winds (England et al., 

2014). At ca. 40ɬ45°S off the coast of southern Chile, 

there was another region with a strong positive chloro-

phyll a trend over 10 years. This increase in chlorophyll a 

was positively correlated with SST (Figure 8.3).  

Despite the cooler equatorial waters during the 10-year 

time-window, the upwelling zone of the  tropical Pacific 

and off the Peruvian coast showed a decline in chloro-

phyll a. It has been suggested that this may be a result of 

ENSO (Gregg and Rousseaux, 2014). Finally, chlorophyll 

a patterns near the Chilean coast during this period were 

heterogeneous, but generally correlated negatively with 

temperature (Figure 8.3, bottom).  

 

8.2.4 5-year trends in chlorophyll a  

Over the most recent and shortest temporal window 

(2008ɬ2012), declining chlorophyll a was observed over 

73% (36.3% at p < 0.05) of the South Pacific (Table 8.2). 

Over this 5-year period, there were strong declines in 

chlorophyll a north of the STF and in the region of the 

western Pacific warm pool close to Papua New Guinea. 

Although considerably weaker, the spatial pattern of an 

increase in chlorophyll a spreading eastward and at an 

angle away from the equator across the Pacific was also 

evident over this time -window (Fig ure 8.3). A patchy, 

but broad, increase in remotely-sensed chlorophyll a was 

evident east of Australia through the southern Co ral Sea 

and northern  Tasman Sea as far east as 160°E (Fig-

ure 8.3). Some of these patches showed a strong positive  
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correlation with SST. Explanations for these positive 

correlations in the open ocean are largely hypothetical, 

although predicted by some models and potentially at-

tributable to (i) more diazotrophs (Dutkiewicz et al., 

2014), (ii ) potential increase in eddy pumping (McGil-

licuddy et al., 1998) associated with increasing eddy ki-

netic energy, and (iii ) the strengthening of the EAC 

(Matear et al., 2013). Sporadic increases in chlorophyll a 

were also observed off Chile in the region where the 

current flow along the STF interacts with the subtropical 

water mass. 

 

8.3 Trends from in situ time series 

In the western South Pacific, there are four  in situ time 

series (Figure 8.4; Table 8.3), all in Australian waters 

(Lynch et al., 2014). In addition, there are three in situ 

time series of phytoplankton and zooplankton data con-

structed from Continuous Plankton Recorder routes 

along the Australian shelf break. The Australian time 

series commenced after 2007 and only have data for the 

5-year temporal window (2008ɬ2012). The tropical site of 

Yongala (19°S) off  northeast Australia is within the Great 

Barrier Reef Lagoon and broadly influenced by coastal 

processes. Yongala showed increasing in situ tempera-

tures during  2008ɬ2012. Sites farther south at Port Hack-

ing (34°S) and Maria Island (43°S) all cooled between 

2008 and 2012 (Figure 8.4), reversing the longer-term 

trends for  warming  that had been measured in that re-

gion at a rate of ca. 0.75°C centuryɬ1 and 2.2°C centuryɬ1, 

respectively (Thompson et al., 2009). Generally, the wa-

ters along the east Australian continental shelf have been 

warming in association with the strength ening of the 

South Pacific gyre (Ridgway, 2007; Hill et al., 2011). 

Where the shelf is narrow (Port Hacking) or the STF 

periodically intrudes (Maria Island), however, the short -

term or local trends can vary. 

 

 

Table 8.3. Five-year trends (TW05, 2008ɬ2012) in the time series of observations from the in situ sites in the South Pacific 

(not including Continuous Plankton Recorder sites) . 

Site-ID 
Lat (°E) 

Long (°S) 
SST S Oxy NO3 CHL  

Cope-

pods 
Dia. Dino. 

Dia.: 

Dino. 

au-50109 

Yongala 

19.18 

147.37 + + n/a n/a + - + - + 

au-50107 

North Stradbroke 

Island 

27.20 

153.33 n/a - n/a + - + - - - 

au-50101 

Port Hacking 

34.05 

151.15 - + n/a + + n/a - - - 

au-50105 

Maria Island 

42.35 

148.14 - + - + + + - - - 

cl-30101 Concep-

tion 18 

36.50 

73.00 
n/a n/a n/a n/a n/a n/a n/a n/a n/a 

cl-30102 

Bay of Mejillones 

23.10 

70.47 
n/a n/a n/a n/a n/a n/a n/a n/a n/a 

pe-30101 

IMARPE A 

4.80 

82.00 
n/a n/a n/a n/a n/a n/a n/a n/a n/a 

pe-30102 

IMARPE B 

9.00 

79.00 
n/a n/a n/a n/a n/a n/a n/a n/a n/a 

pe-30103 

IMARPE C 

16.00 

75.00 
n/a n/a n/a n/a n/a n/a n/a n/a n/a 

pe-30104 

IMARPE Callao 

11.99 

78.97 
n/a n/a + - - n/a n/a n/a n/a 

 

p > 0.05 negative positive p < 0.05 negative positive  

 

http://www.st.nmfs.noaa.gov/copepod/time-series/au-50109
http://www.st.nmfs.noaa.gov/copepod/time-series/au-50107
http://www.st.nmfs.noaa.gov/copepod/time-series/au-50101
http://www.st.nmfs.noaa.gov/copepod/time-series/au-50105
http://www.st.nmfs.noaa.gov/copepod/time-series/cl-30101
http://www.st.nmfs.noaa.gov/copepod/time-series/cl-30102
http://www.st.nmfs.noaa.gov/copepod/time-series/pe-30101
http://www.st.nmfs.noaa.gov/copepod/time-series/pe-30102
http://www.st.nmfs.noaa.gov/copepod/time-series/pe-30103
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From 2008 to 2012, in situ salinity trends were weak , 

tending to increase at three sites and decline at one site 

along the east coast of Australia (Figure 8.4). Over the 

same time-period, nitrate concentrations increased 

weakly at three mid -latitude stations (North Stradbroke 

Island, Port Hacking , and Maria Island ). Nitrate concen-

trations at Pork Hacking have been rising since the 1950s 

(Thompson et al., 2009; Kelly et al., 2015). The strengthen-

ing EAC, a positive IPO, and the La Niña of 2010ɬ2011 

are likely to have reduced downwelling and shallowed 

the pynocline along the east coast of Australia (Gibbs et 

al., 1998), potentially providing more nutrients to the 

euphotic zone. Between 2008 and 2012, silicate concen-

trations increased at North Stradbroke Island, Port 

Hacking , and Maria Island, reversing strong 30-year 

declines at the latter two sites (Thompson et al., 2009). 

The La Niña event of 2011 broke the ɁMillennium 

Drou ghtɂ for eastern Australia (Dijk et al., 2013), with 

the second highest rainfalls ever recorded and many 

rivers flooding over their banks. The increased silicate 

potentially  reflects the input of substantial silicate -rich 

runoff.  

Between 2008 and 2012, the in situ chlorophyll a concen-

trations rose significantly at three sites along the mid to 

northeast coast of Australia, while trends were weaker 

and mixed at sites farther south (Figure 8.4). The spatial 

footprint of Australian sites at North Stradbroke Island 

and Maria Island are known to reflect changes in chlo-

rophyll  a and temperature over broad regions of the 

South Coral Sea and Tasman Sea, respectively (Oke and 

Sakov, 2012; Jones et al., 2015). In some cases, the posi-

tive in situ chlorophyll a trends observed along the Aus-

tralian coast contrasted with the weak trends measured 

using satellite remote sensing, highlighting the differ-

ence that may exist between these measurements in 

coastal areas and the need to use caution when interpret-

ing data from just one source (Pennington et al., 2006). 

Zooplankton and phytoplankton data from the east 

coast of Australia in 2008ɬ2012 were available from sev-

en sites where trends in total copepod biomass were 

mixed: four  positive and three negative (Figure 8.3). The 

two significant positive trends in zooplankton from the 

CPR route on the mid-east coast coincided with in situ 

measurements of increasing chlorophyll a by CPR colour 

index. On the eastern coast of Australia (North Strad-

broke Island site), a strong trend in increasing copepod 

biomass was also found, but with weakly decreasing in 

situ chlorophyll a. In addition, all three sites with in-

creasing copepod biomass were in regions of increasing 

SST (Figure 8.3).  

Off the Australian east coast, diatoms increased at three 

of seven sites (Figure 8.4g); the most significant increase 

was observed in offshore sites near the separation zone 

at about 30°S where most of the EAC turns eastward to 

flow across the Tasman Sea. Dinoflagellates also in-

creased at these mid-coast sites. Trends at the more 

coastal and the most southerly stations tended to be 

weak and negative. The surface nutrient concentrations 

along the east coast of Australia are extremely low 

(Condie and Dunn, 2006), with low silicate previously 

reported to limit diatom blooms (Grant, 1971). Between 

the La Niña of 1999, during the millennium drought and 

prevailing El Niño conditions, diatoms declined signifi-

ÊÈÕÛÓàɯÈÓÖÕÎɯ ÜÚÛÙÈÓÐÈɀÚɯÌÈÚÛɯÊÖÈÚÛɯȹ ÑÈÕÐɯet al., 2016). 

However, the 2008ɬ2012 data suggest that diatoms re-

covered at Yongala, while dinoflagellates declined  and 

the diatom/dinoflagellate ratio increased (Figures 8.4g, f; 

Table 8.3).   

In the eastern South Pacific, in situ time series were 

scarce. Based on satellite data, the region has been 

broadly cooling throughout all temporal windows. At 

the Peruvian site of Callao (11°S), nutrients (nitrate, 

phosphate, and silicate) have generally declined, with 

nit rate and silicate decreasing from 1998 to 2012 (Fig-

ure 8.4). Callao also showed declines in chlorophyll a for 

the same time-period. The negative trend is consistent 

with satellite data. The recent decline in phytoplankton 

has been attributed to warmer conditions induced by the 

ENSO. Over the longer period of 15 years, the Callao 

time series of chlorophyll a was still negative, while the 

Bay of Mejillones showed a positive trend. Satellite data 

indicated that, during 1998ɬ2012, the region was experi-

encing spatially heterogeneous increases (Vargas et al., 

2007; Chavez and Messié, 2009; Chavez et al., 2011; 

Gutierrez et al., 2011) and decreases (Thomas et al., 2009) 

in chlorophyll a (Figure 8.3). 

Two zooplankton time series were available along the 

west coast of South America from 23°S (Bay of Mejil-

lones) and ca. 36°S (Concepción Station). The temporal 

trends in zooplankton biomass were generally weak, 

sometimes positive and sometimes negative. For exam-

ple, a weak positive trend in zooplankton biomass was 

found over 15 years (1998ɬ2012) in the Bay of Mejillones. 

The notable exception was a statistically significant, 

negative trend in zooplankton biomass off southern 

Chile at the Concepción site between 2003 and 2012. 
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Figure 8.4. Map of South Pacific region time -series locations and trends for select variables and IGMETS time-windows. Upward -

pointing triangles indicate positive trends ; downward triangles indicate negative trends. Gray circles indicate time-series sites that fell 

outside of the current study region or time -window. Additional variables and time -windows are available through the IGMETS Ex-

plorer (http://IGMETS.net/explorer ). See ɁMethodsɂ chapter for a complete description and methodology used . 
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This trend occurred in spite of declining SST and in-

creasing upwelling (Escribano et al., 2012). As noted by 

Escribano et al. (2012), zooplankton biomass is sensitive 

to the timing and scale of upwelling. Ayon et al. (2008) 

suggested that zooplankton biomass is positively corre-

lated with seasonal temperature, and thus persistent 

upwelling may be a negative factor for zooplankto n 

abundance. Zooplankton abundance rose 50% from 1981 

to 2002 off Peru, but in 2002, it was still only one-fourth  

of the peak biomass observed in 1967 (Ayón et al., 2008). 

Ayón et al. (2008) also reported a positive correlation 

between zooplankton and anchovy biomass.   

Dissolved oxygen (DO) trends were only available from 

two sites in the entire South Pacific: off Tasmania and in 

the Peruvian upwelling (Callao). Off Tasmania, the 

2008ɬ2012 trends were weakly negative. At ca. 11°S off 

Peru, DO trends were positive and statistically signifi-

cant over the 15 years between 1998 and 2012. Combined 

with the declining SST (satellite data only), the 15 years 

of increasing DO observed at Callao support the hy-

pothesis of a more vigorous upwelling in this boundary 

current in response to climate change (Bakun, 1990) 

and/or a response to the intensification of the trade 

winds in the Pacific (England et al., 2014).   

 

8.4 Comparisons with other studies  

The long-term rate of warming for southern hemisphere 

oceans has been 0.03°C decadeɬ1 (Rayner et al., 2006), 

although across the entire South Pacific basin, this trend 

was found to be statistically insignificant over the last 60 

years (Hoegh-Guldberg et al., 2014). Yet, the IGMETS 

analysis for 2008ɬ2012 in the South Pacific showed 11.2% 

(4.5% at p < 0.05) of the surface ocean was warming at 

> 1.0°C decadeɬ1 and a similar rate of cooling was found 

over 13.8% (9.1% at p < 0.05). Clearly, there is a need to 

consider subbasin-scale variability and the role of natu-

ral climatic cycles. These regional patterns in SST have 

been attributed to both human -induced global warming 

(Stott et al., 2010) and natural climatic cycles (e.g. IPO, 

ENSO; Dong and Zhou, 2014; England et al., 2014; Dong 

and Dai, 2015; Karl et al., 2015). The combination of pro-

gressive global warming, the IPO, and ENSO seem to 

account for most of the temporal and spatial patterns in 

SST trends observed over the last 30 years in the tropical 

Pacific (Dong and Dai, 2015).  

The proportion of the South Pacific that is warming is 

rising  much faster than the proportional increase in SST 

(Polovina and Woodworth, 2012). The long-term cooling 

SST trend in much of the eastern South Pacific is con-

sistent with suggestions of increasing upwelling intensi-

ty as a result of climate change (Bakun, 1990; Sydeman et 

al., 2014), changes in the subtropical gyre circulation (Cai 

et al., 2005; Schneider et al., 2007), and changes in the 

Pacific wind regime (England et al., 2014). The dramatic 

cooling observed in this analysis over large parts of the 

South Pacific during the 2003ɬ2012 time-window has 

also been noted by several studies and attributed to nat-

ural climate variability, tied specifically to La  Niña -like 

decadal cooling (Kosaka and Xie, 2013) and wind-

induced cooling (Engl and et al., 2014). Natural climatic 

cycles have also affected surface salinity in the region. 

The negative IPO and strong La Niña  of 2010ɬ2011 saw a 

southwest shift in the SPCZ, bringing more precipitation 

to the South Pacific (Salinger et al., 2001; Folland et al., 

2002; Cai and Rensch, 2012). At the same time, equatori-

al rainfall moved eastward along the ITCZ. Similarly, 

there has been a significant freshening in the western 

tropical Pacific, extending eastward under the low -

salinity ITCZ and SPCZ regions (Durack and Wijffels, 

2010).   

The trends reported herein for satellite -derived chloro-

phyll a are similar to those previously published (Gregg 

and Conkright , 2002; Thomas et al., 2012; Siegel et al., 

2013; Gregg and Rousseaux, 2014). For large portions of 

the South Pacific, there is a tendency for chlorophyll a to 

covary negatively with SST (Martinez et al., 2006; Van-

trepotte and Mélin, 2011), a pattern consistent with 

warming SST being associated with a deeper surface 

mixed layer and reduced nutrient availability (Thomas 

et al., 2009; Hofmann et al., 2011, Doney et al., 2012). 

There were also regions of positive covariation between 

SST and chlorophyll a previously reported in the tropics 

north and west of Australia (Martinez et al., 2006) along 

the STF (Vantrepotte and Mélin, 2011) and in parts of the 

central gyre (Signorini et al., 2015). For regions where the 

mixed-layer depth is too deep for net positive phyto-

plankton growth during most of the year, e.g. along the 

STF, a positive relationship of chlorophyll a with SST is 

predictable. A similar covariation has been found in 

Humboldt Current off Peru and northern Chile (Thomas 

et al., 2009), where wind and chlorophyll phenology are 

out of phase and mixed-layer depth and light play a 

significant role in surface chlorophyll concentrations 

(Echevin et al., 2008). The major impacts of these changes 

are increasingly evident and amenable to modelling that 

accounts for both the physical supply and biological 

losses of carbon, oxygen, and nutrients (e.g. Deutsch et 
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al., 2006, 2011). For example, changes in chlorophyll a 

within the Tasman Sea are well described in models and 

estimated into the future by climatic forcings (Matear et 

al., 2013). Climate-related changes to phytoplankton taxa 

have also been modelled (Bopp et al., 2005), statistically 

estimated (Barnes et al., 2011), extrapolated using remote 

sensing (Polovina and Woodworth, 2012; Uitz et al., 

2015), and modelled using a combination of both (Gregg 

and Rouseaux, 2014). One general outcome that seems 

highly likely is a shift to smaller taxa as the oceans con-

tinue to warm (Barnes et al., 2011).   

The tropical Pacific has seen a dramatic decline in oxy-

gen concentration; some of the steepest declines were 

measured under the western Pacific warm pool, while 

the lowest concentrations were in the eastern tropical 

Pacific (Stramma et al., 2010). In 2012, the trend was ob-

served as ɬ1 µmol  kgɬ1 yearɬ1 between 2°N and 8°S at 

about 86°W (Czeschel et al., 2015). This oxygen con-

sumption was associated with significantly increased 

phosphate and nitrate concentrations in the oxygen-

minimum zone. The biological effects of the declining 

oxygen concentrations include vertical compression of 

habitat for species with high oxygen requirements such 

as tuna (Prince and Goodyear, 2006). The increasing 

nutrient concentrations at depth also imply the seques-

tering of more nutrients below a strengthening pycno-

cline, potentially reducing primary production. Howev-

er, the extent of low oxygen regions in the Pacific has 

been linked to equatorial Pacific wind regime (Deutsch 

et al., 2014). 

Previous analysis (Thompson et al., 2009) showed mostly 

increasing nutrient concentrations in the shelf waters of 

eastern Australia, results which are largely consistent 

with IGMETS. A notable exception was the detection of 

a change from declining to increasing silicate during  

2008ɬ2012 in the more recent IGMETS analysis. The 

mixed positive and negative trends observed for in situ 

nutrients may be associated with changes in circulation, 

thermocline depth , and/or changes in ecosystems in-

duced by the different climate modes operating in the 

Pacific (Pennington et al., 2006; Chavez et al., 2011).  

 

8.5 Conclusions 

Long-term trends in fundamental characteristics of the 

environment, such as temperature and salinity, are in-

creasingly evident. For example, over the past 30 years, 

significant surface warming has been recorded over 

nearly tenfold  more area of the South Pacific than sur-

face cooling (67.3% vs. 5.3%, respectively). A strong 

physical coupling with planktonic ecology and biology 

is evident in the South Pacific, with a dominant warming 

pattern and significantly declining phytoplankton popu-

lations. The southeastern Pacific upwelling system con-

tinues to show intensification (Vargas et al., 2007), while 

the tropical Pacific and subtropical gyre mostly exhibit-

ed declining trends in surface chlorophyll a. Prediction 

of the future ecological state of this important system 

requires understanding the p hysical drivers and their 

ecological consequences throughout the foodwebs, par-

ticular ly  the impact changes may have on ecosystem 

services at a regional scale. Modelling has been used to 

predict trends in phytoplankton community composi-

tion withi n the South Pacific (Polovina and Woodworth, 

2012; Rousseaux and Gregg, 2015), but these have very 

limited taxonomic resolution. The time series included 

in IGMETS provide the means to test, validate, and im-

prove ecological models of trophic links and trophic 

efficiency across an ample spectrum of phytoplankton 

and zooplankton taxonomic groups and predict poten-

tial changes that may occur within Pacific Ocean food-

webs in response to climate variability.   

6ÏÐÓÌɯɁÚÏÖÙÛɂɯÊÓÐÔÈÛÌɯÊàÊÓÌÚɯÚÜÊÏɯÈÚɯ$-2.ɯÏÈÝÌɯÉÌÌÕɯ

associated with changes in copepod abundance in the 

Pacific (White et al., 1995, Thompson et al., 2015), reports 

of long-term trends in macrozooplankton biomass or 

taxa in the South Pacific are extremely rare (Ajani et al., 

2016). In other ocean basins, there have been stronger 

links established between zooplankton community 

composition and climate -related increases in tempera-

ture (Richardson and Schoeman, 2004; Chiba et al., 2006). 

Some researchers have also suggested links between the 

abundance of some jellyfish (Cnidaria) and climate 

(Richardson, 2008), but the hypothesis is supported by 

only a few case studies from other oceans (reviewed by 

Purcell, 2005). For this section, zooplankton data were 

available only in a handful of locations, and the same is 

true for most of the other biogeochemical and ecological 

variables. Indeed, our understanding of the climatic ef-

fects on marine ecology, such as phytoplankton commu-

nity composition, zooplankton productivity , and fish 

populations in the South Pacific remains rudimentary  

mostly due to a lack of data. Our knowledge of the spa-

tial scale of ecological changes is limited to a few regions 

with time -series data. For example, during the 2010 La 

Niña event , there was a poleward extension of some 

dominant tropical taxa, such as Prochlorococcus and Syn-

echococcus, and a decline in macrozooplankton (Thomp-
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son et al., 2015). These apparent La Niña effects could 

have extended throughout the southwestern Pacific. 

Similarly, there have been large range expansions for 

some easily observed taxa such as Noctiluca (Thompson 

et al., 2009; Harrison et al., 2011; McLeod et al., 2012), 

raising concerns about rapid, but unobserved, changes 

in the basic ecology of our oceans (Doney et al., 2012). 

These very substantial expansions in regions of rapid 

warming suggest that physical transport of suitable hab-

itat may be the controlling  mechanism. The location of 

existing time series in the South Pacific also limits our 

knowledge of ecological changes to the continental shelf. 

While coastal sites can be used to warn of changes, such 

as low oxygen and high carbon dioxide water coming 

near shore (Chan et al., 2008), given the rapid rate of 

expanding low oxygen zones, it may be beneficial to 

have more offshore monitoring (Deutsch et al., 2015). 

 

Table 8.4. Time-series sites located in the IGMETS South Pacific region. Participating countries: Argentina (ar), Brazil (br), Namibia 

(na), United Kingdom (uk) , South Africa (za), Australia (au), Chile (il), and Peru (pe). Year-spans indicated in red belong to time series 

which were terminated. Year -spans in red text indicate time series of unknown or discontinued status. IGMETS -IDs in red text indicate 

time series without a description entry in Annex 6.  

No. IGMETS -ID  Site or programme name  Year-span T S Oxy Ntr  Chl Mic  Phy Zoo 

1 au-40201 

AusCPR BRSY Line ɬ North  

(Australian Coastline) 

2009ɬ 

present 
- - - - X - X X 

2 au-40202 

AusCPR BRSY Line ɬ South 

(Australian Coastline) 

2009ɬ 

present 
- - - - X - X X 

3 au-40204 

AusCPR SYME Line ɬ South 

(Australian Coastline) 

2009ɬ 

present 
- - - - X - X X 

4 au-50101 

IMOS National Reference Station ɬ 

Port Hacking  

(Southeastern Australia) 

2002ɬ 

present 
X X - X X X X X 

5 au-50105 

IMOS National Reference Station ɬ 

Maria Island  (Tasmania) 

2009ɬ 

present 
X X X X X X X X 

6 au-50107 

IMOS National Reference Station ɬ 

North Stradbroke Island   

(Eastern Australia) 

2008ɬ 

present 
- X - X X X X X 

7 au-50109 

IMOS National Reference Station ɬ 

Yongala (Northeastern Australia) 

2009ɬ 

present 
X X - X X X X X 

8 cl-30101 

Concepcion Station 18 

(Chilean Coast) 

2002ɬ 

present 
- - - - - - - X 

9 cl-30102 

Bay of Mejillones  

(Chilean Coast) 

1988ɬ 

present 
- - - - - - - X 

10 pe-30101 
IMARPE Region A  

(Eastern South Pacific) 

1962ɬ 

2005 (?) 
- - - - - - - X 

11 pe-30102 
IMARPE Region B 

(Eastern South Pacific) 

1962ɬ 

2005 (?) 
- - - - - - - X 

12 pe-30103 
IMARPE Region C  

(Eastern South Pacific) 

1964ɬ 

2005 (?) 
- - - - - - - X 

13 pe-30104 

IMARPE Callao 

(Eastern South Pacific) 

2001ɬ 

present 
- - X X X - - - 

 

  

http://igmets.net/sites/?id=au-40201
http://igmets.net/sites/?id=au-40202
http://igmets.net/sites/?id=au-40204
http://igmets.net/sites/?id=au-50101
http://igmets.net/sites/?id=au-50105
http://igmets.net/sites/?id=au-50107
http://igmets.net/sites/?id=au-50109
http://igmets.net/sites/?id=cl-30101
http://igmets.net/sites/?id=cl-30102
http://igmets.net/sites/?id=pe-30101
http://igmets.net/sites/?id=pe-30102
http://igmets.net/sites/?id=pe-30103
http://igmets.net/sites/?id=pe-30104
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